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Abstract 
Nowadays, compensated silicon (Si) is used in photovoltaic (PV) processes, whether it is through intentional co-doping of 
resistivity-adjusted Czochralski ingots for high efficiency n-type Si solar cells, as a result of alternative Si purification processes 
for the production of low-cost Si feedstock, or as a result of recycling end-of-life materials. Whatever the origin of the 
compensated Si, the doping concentrations need to be accurately and quickly characterized in order to control such processes. In 
this work, a rapid and highly sensitive characterization technique based on low temperature Hall Effect measurements is 
described in scientific details and compared to three well-established chemical methods: Glow Discharge Mass Spectrometry 
(GDMS), Inductively-Coupled Plasma Mass Spectrometry (ICP-MS), and Secondary Ion Mass Spectrometry (SIMS). The 
characterized samples were extracted from the n-type top part of a casted solar grade Si ingot. A very good agreement is 
observed between the dopants densities extracted from the electrical method and from the standard methods. With the advantage 
of a very low detection limit combined with a short measurement time, the advanced Hall Effect technique is promising for the 
rapid and accurate characterization of dopant concentrations in compensated Si. 
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1. Introduction 
New ingot manufacturing techniques are being developed to improve solar cell efficiencies and lower production 
costs. Particularly for high efficiency n-type Si solar cells, Phosphorus (P) - Gallium (Ga) co-doping of Si ingots [1] 
is for example considered in order to flatten resistivity (ȡ) profiles and enhance the fraction of the ingot compatible 
with the PV requirements. Moreover, alternative materials such as Upgraded-Metallurgical-Grade Si (UMG-Si), or 
recycled Si have raised interest to lower the overall costs and the environmental impacts. Those alternative materials 
involve the cohabitation between donor and acceptor doping impurities in similar amounts (compensated Si). Single 
ȡ measurements used to characterize the dopant density in uncompensated Si can no longer be used in this specific 
type of Si, as both components of ȡ, respectively the majority charge carrier density (n0) and the majority carrier 
mobility (ȝ) are influenced by the compensation of the dopants. n0 (free electron density in this paper as n-type Si is 
studied), is indeed governed by both minority and majority dopant densities (Equ. 1), and ȝ is strongly affected by 
the compensation-induced reduction of the electrostatic screening of ionized charges by free carriers [2].  
 
n0 = ND+-NA- =ND+-NA                                                                           (1) 
 
With NA (respectively ND) the acceptor (respectively donor) dopant density. As all minority dopants are ionized 
by the majority dopants, the ionized minority dopant density (NA-) is equals to the minority dopant density [3]. This 
paper first describes an alternative technique to well established-techniques to measure dopant concentrations in 
compensated Si, based on advanced Hall Effect measurements as a function of temperature (T), including the models 
developed hereafter. An experimental study is then carried out on n-type compensated Si to compare the advanced 
Hall Effect procedure with classical physical or chemical methods such as SIMS, GDMS and ICP-MS. Table 1 sums 
up different characteristics of each characterization technique. 
 
Table 1. Comparison of some characteristic elements of each technique. 
 GDMS ICP-MS SIMS HALL EFFECT 
Estimated or provided 
uncertainty  
20% 10% 10-15% 10% 
Lower detection limit ̱1015cm-3(*) ̱1014cm-3(*) ̱1012cm-3(*) <1011cm-3 
(*:given for B and P. May be lower for other elements) 
States of the element detected All All All Only the electronically 
active ones 
Limits High 
uncertainty 
Very clean environment 
required 
Need for a reference 
sample 
Concentrations above 
1018cm-3 not detectable 
 
2. Theoretical considerations and experimental issues 
2.1. Principle of the electrical characterization technique 
The carrier freeze-out associated with a decrease in T in compensated n-type Si (with one majority doping 
impurity) can be described by Fermi-Dirac statistics and reads [3]: 
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With Ed the energy level with the higher occupancy probability introduced by the majority dopant in the band 
gap, and g the degeneracy factor associated (other terms have their usual meanings). Adjusting equation (2), which 
depends on dopants densities, to experimental measurements of n0(T) allows to access NA and ND [4], as long as the 
other components (g and Ed) can be assumed constant with doping densities and T. In this respect, Ed was known to 
be independent of T [5] and its variation with dopant density is constant until dopant concentrations up to  
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1×1017 cm-3 [5], above which dopants get spatially close enough to induce electronic interactions leading to a 
displacement of Ed towards the conduction band. The degeneracy factor g reflects the band structure of the semi-
conductor. It describes the number of physical setups corresponding to an energy level of E: it is the ratio between 
the number of possible ways an electronic state can be occupied and the number of possible ways the same state can 
be emptied. This ratio will then be constant whatever the T or dopant concentration. Thus, adjusting equation (2) to 
experimental values of n0 (T) allows in principle to accurately access values of NA and ND in compensated Si 
containing one majority doping species. Note that Ed refers to the majority dopant energy level: this extraction 
method won’t then be appropriate for compensated Si containing more than one majority dopant impurity.  
2.2. Experimental issues 
Analyses were performed on the n-type part (ingot top) of an UMG cast ingot of 5th generation, which contains 
boron (B) and P in the ppm weight range [6]: as the ingot features a p-type and a n-type part, we selected two 
samples from the n-type part to be characterized by Hall effect. The variations of n0 with T were recorded from 
room T down to around 20K, using a home-made Hall setup, on square-shaped 2×2 cm² samples. Ohmic contacts 
are created on the four corners of the samples by carefully roughening the surface and mechanically diffusing an 
InGa alloy with a diamond tip. For these Hall analysis, the monitoring setup used (Keithley 6485 Picoammeter) 
allows to precisely measure currents down to 1×10-12A. Current is injected by a Keithley 6220 precision current 
source (1mA is injected most of the time although, depending on ȡ, current actually injected may be lower), and the 
magnetic field is supplied by a permanent magnet of 0.49 T.  
One of the main issue regarding Hall Effect is the fact that the charge carrier densities measured by Hall Effect 
(nH) are different from the “true” n0 by a factor called the Hall factor (rH): 
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                                                                                 (3) 
 
Where nH is Hall carrier density. In the low magnetic field approximation, rH is known to depend on the dopant 
density and on T. An important part of this work was dedicated to complete the literature on this topic, as only very 
scarce reports of rH as a function of T were published for the NA and ND in the range of concern here [9]. In order to 
access the real n0(T) values, new expressions describing the variation of rH with T in the 50-300K range in n-type Si 
have thus been established. rH=f(T) expressions were obtained from Hall effect measurements on very well 
characterized non-compensated n-type Si samples (with 1.5×1016 cm-3 <[P]< 5.5×1017 cm-3, ND being characterized 
by SIMS analysis, combined with resistivity measurements). We believe that SIMS measurements are relevant to 
extract precise values of P densities in these samples for several reasons. The latter come from a Cz-grown ingot, the 
material is then expected to be homogeneous, and regarding the thickness of the wafers used (300μm), no real 
impact of segregation is expected. The surface measurement made thanks to this characterization technique is then 
expected to be the same as in the bulk material. nH(T) experimental values were then divided by the theoretical n0(T) 
values calculated from Fermi-Dirac statistics, and taking into account advanced considerations such as the 
multiplicity of degenerate energy states introduced by dopants. Those energy levels are taken into account by 
introducing the effective donor energy ED* (Equ.4) into Equation (2).  
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With gi the degeneracy factors associated to each energy level Ei, while other parameters have their usual 
meaning. Values of Ei and gi are referenced in [7] and were most of the time obtained experimentally. Depending on 
ND, a variable number of energy states and corresponding degeneracy levels will be considered in the summation: 
the summation is indeed taken over all states having little spatial overlap with similar states from adjacent 
impurities. Thus, for high ND, the impurity atoms will become closer together, and the summation will be taken over 
fewer states. [7] In this equation, the first energy level considered (i=1) corresponds to the ground state Ed in 
equation (2).  
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These newly defined rH have then been applied on the nH(T) values measured on the samples coming from the 
cast ingot, in order to access the real values of n0(T) on these samples. Note that the new rH have been defined for 
non-compensated Si, although our samples come from an ingot including both dopant types (donor and acceptor). 
As a first step, it was assumed no influence of compensation on rH, as it has already been evidenced in p-type Si [8]. 
This assumption, which is not straightforward, will be discussed in the light of the extracted dopant values. The new 
rH expressions are presented in details in the next section.  
 
3. Results and interpretations 
 
Fig.1.a shows the obtained rH(T) along with the values from the theoretical model developed by Ohta [9]. A good 
agreement between the rH(T) from this work and from [9] is observed for ND of up to around 1×1017 cm-3. Moreover, 
the scattering factor value obtained for low concentrations (rH=1.17 for ND=1.5×1015cm-3) is very close to the one 
expected when only phonon scattering occurs at room temperature [11]. Due to the scattering of ionized dopants rH 
values then tend to decrease with the increase in ND. However, a larger dispersion is observed in our work compared 
to literature. We believe that the latter stems from variations of Ed at high ND, combined with uncertainties on rH 
values.  
Concerning Ed variations occurring at high ND, this paper uses an internally developed model based on charge 
carrier measurements with T. This method is developed in [4]. Other Ei (from Equ. 3) were considered constant with 
ND as no data were available. The difference EC-Ed is known to decrease with an increase in ND [5], leading to an 
increase in n0 at a given T. Back to equation (3), as this increase actually happens in the material (taken into account 
in nH(T)), if this variation is not well enough taken into account in n0(T) for high ND, it could consequently explain 
part of the difference between rH(T) from this work and  from [9].  
Uncertainties on rH(T) values are considered to be of around 15% for rH measurements (combined uncertainties of 
nH(T), and ND measured with SIMS used in the n0(T) measurements) For the sake of clarity, they have not been 
reported on Fig.1.a. 
 
(a)                                                                                                                 (b) 
Fig. 1. (a) New rH(T) from this work compared to data in [9] . (b) Fitting of Eq (2) to experimental n0(T) obtained with the new rh(T), taking into 
account either one or multiple energy levels associated to P .  
The established rH(T) were then applied to the nH(T) measurements on our compensated samples in order to 
access n0(T) values. The accuracy of the electrical technique was then evaluated by fitting Equ. (2) to the 
experimental data corrected with the proposed rH. (Fig. 1.b). Two fits are proposed in figure 1.b, taking into account 
in Equ (2) either a single energy level (blue solid line), or multiple energy levels (black dotted line). A difference of 
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less than 1% is observed in a large T range (100-300K) between experimental values and the theoretical ones based 
on the multiple energy levels model. The quality of this adjustment strongly supports the importance of considering 
all the energy levels introduced by a doping impurity in the Si band gap. It also supports the validity of the rH(T) 
models developed in this work. In addition, this is indirect evidence that rH is not significantly dependent (or not at 
all) on compensation, in a similar fashion as in p-type Si [8]. Differences observed at low T between experimental 
and theoretical values of n0 are due to a specific conduction mechanism (hopping conduction) which is not taken 
into account in the theoretical description of n0(T) in equation (1) [10]. 
Dopant densities [B] and [P] extracted by Hall Effect were then compared to the results obtained by physical and 
chemical techniques from twin samples selected in the ingot (Fig. 2).   
 
(a)                                                                                                                 (b) 
   
Fig. 2. Comparison of [B] (a) and [P] (b) concentration obtained by Hall Effect and respectively, GDMS, ICP-MS and SIMS in n-type samples 
from a compensated ingot for a solidified fraction (fs) of 0.89 (top) and 0.94 (bottom). Horizontal black lines represent the mean values of dopant 
densities extracted. Blue horizontal bands materialize the extrema of the measured values. 
A very good agreement is obtained between the four characterization techniques: all the relative uncertainties are 
included within a maximum range of +/- 30% of the mean value. Although, this is a bit larger than the GDMS 
uncertainty (+/- 20% of the given value), we can note that, for 3 Hall Effect analyses out of 4, values are included 
within the uncertainties of the other 3 characterization techniques. This result further strengthens the extraction 
technique based on the rH models developed in this work. The fourth Hall Effect analysis, for which the uncertainty 
of Hall Effect technique is not included into the other uncertainties (i.e. extraction of [P] for fs=0.89), comes from a 
solidified fraction close to the transition type: this can explain a specific disorder in the material which could induce 
a potential additional source of error in the electrical characterization method.  
4. Conclusions and perspectives 
Our study shows that electrical measurements can be used to accurately characterize P and B densities in n-type 
compensated silicon, using the advanced rH models developed here. New parametrization of rH have been established 
to complete literature, and no influence of compensation on rH (T) is detected in this study. 
The fast and easily performed sample preparation for Hall Effect measurements makes it a particularly suitable 
characterization method able to rapidly provide feedback, for instance for ingot growth optimization. Future work 
will first focus on the extension of this work to the p-type fraction of the studied ingot. It will then focus on 
validating those results on a wider range of dopant concentrations, as well as extending the advanced Hall Effect 
technique for Si containing more than two dopants (B, P, Ga or B, P, Al …). 
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